The adaptation of enteric bacteria in seawater has previously been described in terms of nutrient starvation. In the present paper, we bring experimental arguments suggesting that survival of these microorganisms could also depend on their ability to overcome the effects of osmotic stress. We analyzed the influence of osmoregulatory mechanisms (potassium transport, transport and accumulation of organic osmolytes) on the survival of Escherichia coli in seawater microcosms by using mutants lacking components of the osmotic stress response. Long-term protection was afforded to cells by growth in a medium whose osmotic pressure was increased by either NaCI, LiCl, or saccharose. Achievement of the protection state depended at least partly on osmoregulatory mechanisms, but differed when these were activated or induced during prior growth or in resting cells suspended in phosphate buffer or in seawater. When achieved during growth, K+ transport, glycine-betaine (GBT) synthesis or transport, and trehalose synthesis helped increase the ability to survive in seawater. Protection by GBT was also obtained with resting cells in a phosphate buffer at high osmotic pressure. However, when added only to the seawater, GBT did not change the survival ability of cells no matter what their osmoregulation potential. These results showed that the survival of E. coli cells in seawater depends, at least partly, on whether they possess certain genes which enable them to regulate osmotic pressure and whether they can be stimulated to express those genes before or after their release into the environment. This expression requires nutrients as the substrates from which the corresponding gene products are made.
Coliform bacteria, like other enteric bacteria, rapidly decline in seawater both "in situ" (2, 16, 39, 54) and in laboratory experiments (1, 10, 27, 64) when counted by conventional methods. Over the past decade, the concept of die-off has been challenged due to reports indicating the existence of sublethal stress in coliforms exposed to unfavorable conditions, such as those found in marine environments (1, 4, 16, 31, 60) .
The apparent decay of these bacteria in natural waters may result from enumeration techniques. Injured cells are unable to grow on selective medium (5) and exhibit a higher sensitivity to temperature (1, 31) and salinity (1) . In addition, coliforms and enteric pathogens can undergo morphological and physiological changes when starved in seawater and rapidly evolve toward a viable but nonculturable state; they remain alive for some time and, at least in some cases, capable of producing pathological processes when introduced into test animals (55, 62, 64) .
More recently, however, experimental observations have emphasized the possible adaptation of enteric bacteria to stress in seawater. They have shown an increase in their survival in nutrient-free seawater after previous growth on a salt medium (22, 48) . It was then assumed that the survival capacity of these bacteria in seawater depended on osmoregulatory processes induced by salts, which possibly involve the intracellular accumulation of organic or inorganic components (47) . The ability of enteric bacteria to adapt to fluctuations in the ambient osmolarity is of fundamental importance for their survival. In order to grow, bacterial cells must maintain a positive turgor, i.e., an outwardly directed pressure that is derived from maintaining cytoplasmic osmotic pressure at a point higher than that of the * Corresponding author. environment. In Escherichia coli, this is achieved through osmoregulatory processes that produce a cytoplasm which both has an optimal osmotic pressure and is conducive to enzyme function (6). In response to osmotic stress and to a decrease in cell turgor pressure, E. coli cells transiently accumulate potassium ions (17, 20, 32, 45) and activate systems for the transport and synthesis of several organic osmolytes compatible with metabolism (34, 35, 37, 59, 61) , which prevent dehydration of cells and stabilize enzyme activity in solutions of high ionic strength (50) . Both low and high levels of osmotic tolerance can be produced through glutamate or trehalose synthesis (59) and uptake or synthesis of betaines and other amines (34, 36, 38, 49) .
The present work was carried out to analyze the influence of these osmoregulation mechanisms on the survival of E. coli strains exposed to seawater, developed either during a previous growth period or in resting cells suspended in a buffer or in seawater. The contribution of particular gene products involved in osmoregulation to the survival mechanism(s) was investigated by using mutants lacking components of the osmotic stress response. MC4100, a well-known strain derived from E. coli K-12 (11) , is able to transport glycine betaine (GBT) via the ProP constitutive low-affinity system and the ProU osmotically inducible high-affinity system (42) . The EF strains were all derivatives of MC4100, and their construction has been described previously (7, 9, 42) . All lacked the major proline GBT from CHO. The betA mutation was generated in E. coli K10 and transduced into CSH7 (24, 34, 61) . Mutant FF4169 carries an otsA::TnlO mutation in an MC4100 background. The otsA mutation blocks the synthesis of trehalose-phosphate synthase, making the mutant incapable of accumulating trehalose under osmotic stress. Strains CSH7, FF48, and FF4169 were provided by A. Strom (University of Troms0, Norway).
MATERIALS AND METHODS
The FRAG-1 strain is wild type for potassium transport. It is able to accumulate K+ ions by means of both a TrkA constitutive low-affinity transport system and a Kdp osmotically inducible high-affinity system (18, 19) . The FRAG-5 and TK2240 mutants lack Kdp and Trk activity, respectively, and the TK2205 strain has neither Kdp nor Trk activity. Strains FRAG-1, FRAG-5, TK2240, and TK2205 were provided by W. Epstein (University of Chicago).
The MPh2' strain produces an osmotically induced outer membrane lipoprotein (28) encoded by the osmotically stimulated osmB locus. The JJ2 strain is a mutant lacking the osmB product. Both were provided by M. Villarejo.
Growth conditions. Stock cultures were preserved in liquid nitrogen. Bench cultures of the LT+ strain were maintained on nutrient agar (NA; Difco Laboratories, Detroit, Mich.) or in nutrient broth (NB; Difco). Strains MC4100, EF038, EF046, and EF047 were grown in mineral medium A (MMA) (42) (10 ,000 x g, 20 min, 4°C) in artificial seawater (40) . The pellets were suspended in 5 ml of artificial seawater, and microcosms were finally inoculated with these cell suspensions to a density of 106 to 107 CFU/ml. They were then gently stirred in the dark at room temperature (20 to 24°C). 
RESULTS
The enhancement of the survival ability of E. coli LT+ cells in seawater after growth at high osmolarity was first described for complex media prepared with full-strength seawater (22) . It now appears that this protection is highly effective, since it allowed the maintenance of culturability of about 5% of starved cells after 5 months in seawater (unpublished data). Such an intriguing effect, which at first analysis could be considered to prevent cellular processes leading to the nonculturable stage, was also induced by sodium chloride, lithium chloride, or saccharose ( Fig. 1 and 2 ). It was therefore not specific to some ions but due to the overall osmolarity of the medium. A threshold was previously observed in the efficiency with which NaCl strengthened cell resistance in nutrient-free seawater; a protective effect was obtained only for NaCl concentrations greater than 300 mM, which could correspond to the threshold for induction of protective mechanisms. In addition, this effect appeared to be partly persistent, since an intermediate level of protection was maintained in LT' cells grown first in a salted medium and then subcultured for 24 h in a freshwater medium, which then disappeared after a second subculture in a medium of low osmotic pressure (Fig. 3) .
The addition of organic osmolytes to the medium used for the growth of LT' cells also influenced their behavior in seawater. Proline and choline, although involved in osmoregulation in E. coli (15, 43) , were not able to protect cells and maintain their survival in seawater as did NaCI (or saccharose) added to the medium alone or together with osmolytes (Fig. 4) . On the other hand, GBT was able to protect cells from decay in seawater. It is worth noting that this effect was observed with cells grown in a medium of low osmolarity, even though GBT was shown to be accumulated only under conditions of osmotic stress (8, 49) .
Experiments carried out with LT' strains, however, remained rather imprecise, since the modalities of osmoregulation in this bacterium were not known. The specific influ- ence of the most important mechanisms involved in the osmotic stress response of enteric bacteria on their survival in seawater was then analyzed by using mutant E. coli strains lacking these mechanisms, which were systematically compared with their corresponding wild-type parent strains.
The protective effect of GBT was confirmed with mutants lacking GBT uptake or synthesis systems. When provided to cells during prior growth, this osmolyte enhanced their survival in seawater and/or maintained their ability to grow on bacteriological complex medium, when accumulated via either the ProP or ProU transport system (Fig. 5) or synthesized from choline (Fig. 6) . In both cases, however, the effect of GBT did not account for that of NaCl; GBT protected cells even when added to a medium of low osmolarity, whereas NaCl increased the overall resistance of cells unable to transport or synthesize GBT. This could be due to the induction of additional osmoregulation mechanisms, such as intracellular production and accumulation of osmolytes different from GBT, or potassium ion uptake. The protective activity of GBT was also analyzed when this osmolyte was provided to cells after growth in a medium of low osmolarity, either in resting cells suspended for 1 h in a phosphate buffer or directly in microcosm seawater. In the former case, GBT protected cells containing both ProP and ProU transport systems only in the buffer of high osmolarity (Fig. 7) . Partial protection, however, was observed in cells maintained in the saline buffer without GBT. Cells lacking ProP and ProU systems were also partially protected by NaCl, with or without GBT. When added directly to seawater, GBT was not able to protect E. coli LT', MC4100, EF038, and EF046 cells previously grown at low osmolarity ( Fig. 8 and 9 ). It was even toxic to LT' cells at high concentrations (>100 mmol/liter) (Fig. 9 ).
Experiments performed with mutants lacking trehalose synthetase showed that the induced synthesis of trehalose in E. coli cells during prior growth in a salt medium could also account for a part of their protection; FF4169 cells, more sensitive to seawater than MC4100 parental cells, were less protected than the latter when previously grown at high osmolarity (Fig. 10) . Nevertheless, the slight but significant increase in resistance of mutant cells grown in the salt medium compared with that of cells grown at low osmolarity could not be explained solely by the accumulation of trehalose. The protective influence of potassium accumulation was tested with mutants lacking TrK, Kdp, or both of these K+ transport systems (Fig. 11) . Cells grown at high osmolarity in M9K+ medium were protected during 3 days in seawater regardless of their ability to accumulate potassium. Later on, cells with both TrK and Kdp transport systems showed a higher resistance until the end of the experiments, while those lacking these systems were not protected and adapted in the same way as reference cells grown at low osmolarity. The Kdp system made cells partially resistant to seawater; its protective influence, however, remained imprecise, as kdp gene expression was probably repressed during growth in the M9K+ medium due to its high K+ content (20 mM) (53) . The role of K+ ions in the protection of E. coli was further investigated by using FRAG-1 cells (Trk+ Kdp+) grown in M9 medium with high (20 mM K+, M9K+) or low (25 p,M K+, M9K-) K+ concentration, supplemented or unsupplemented with NaCl (500 mM) (Fig. 12) . The high level of protection conferred by growth at high osmolarity was achieved in the presence of high K+ concentration as well as when the K+ content of the medium was very low (Fig. 12) . This result showed that the Kdp system was also able to afford protection to cells, since it was actually functioning at a K+ concentration as low as 25 ,uM (17, 20, 21) .
At the least, the osmB gene product seemed to disadvantage cells grown at high osmolarity, as it reduced their viability in nutrient-free seawater (Fig. 13) .
DISCUSSION
When they enter the sea, enteric bacteria are subjected to simultaneous stresses whose impact on cell metabolism will lead to either their maintenance or their decay in marine environments. Up till now, the long-term adaptation of these bacteria in seawater has mainly been analyzed and discussed in terms of resistance to nutritional starvation (12, 14, 30, 47, 51, 52, 65) , since the earliest research on the survival of enteric bacteria in marine water emphasized the protective influence of organic matter (10, 23, 25, 33, 63) . Whatever the processes are which allow adaptation to nutrient scarcity, survival also depends on the maintenance of osmotic integrity, which is essential to preserve cell homeostasis. In other words, adaptation of enteric bacteria in seawater should also depend on how they achieve an effective level of osmoregulation prior to adaptation to nutrient starvation. The increased survival of E. coli cells when preadapted to high osmolarity in salt medium (22) strongly supports this hypothesis.
The present results suggest that the major osmoregulatory processes, e.g., K+ uptake and accumulation of compatible solutes, influence the middle-or long-term maintenance of E. coli viability in nutrient-free seawater and its ability to undergo further growth on bacteriological complex medium. In this way, however, the protective effect of osmoregulation mechanisms was different when they were induced or activated during prior growth, in resting cells, or during starvation survival in seawater.
When developed during growth, all of the osmoregulation mechanisms tested during this study helped increase the ability of E. coli cells to survive in seawater. This is in accordance with the present conception of osmoregulation in enteric bacteria, which is considered a homeostatic system -5 (10 ,umol/liter) or activation of ProP (100 ,umol/liter) (7). This could be explained by (i) the lack of induction or activation of these systems, (ii) the lack of GBT transport due to energy deficiency (lack of ATP, depletion of proton motive force) (9, 26) or to inhibition of transport under starvation conditions, as described for carbohydrates (56, 58) (3, 28) , is also unknown. However, it is worth noting that the osmB mutant carrying an osmB::TnphoA insertion mutation is both more resistant to inhibition of metabolism by high osmolarity (28) and less sensitive to starvation in seawater than the parent strain. This suggests that both properties could proceed from a common mechanism. What The resistance of cells preadapted to high osmotic pressure probably results from the prevention of drastic cellular modifications which could allow cells to adapt readily to seawater by maintaining expression of essential metabolic functions and energy production. Such preadaptation can also help cells to overcome osmotic downshift when they are placed on the culture media of low osmolarity used for isolation or enumeration or reintroduced into the human intestinal tract. In this way, we must emphasize the influence of GBT (and possibly other betaines), since it is known to protect enteric bacteria from various inhibitory effects of osmotic stress (4, 44, 50, 57, 58) and has been shown to restore colony-forming activity in osmotically stressed E. coli cells (57) . Under natural conditions, the protective effect of this universal osmolyte could be achieved during the growth of cells either in the urinary tract, where GBT has been detected (13) , or in marine sediments, which contains GBT and many quaternary amines (29) . The study of the behavior of enteric bacteria in marine sediments could thus be of high interest from both fundamental and sanitation points of view, since it could provide interesting answers to the question raised concerning the transit of enteric pathogens in marine deposits, which for a long time have been considered favorable to their maintenance in the marine environment.
